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ABSTRACT

The transfer of explosion products into the above-surface column '
and crown of a shallow underwater explosion was investigated with traced :
(Au198) one-pound spherical pentolite charges fired at depths of 1.6 to
Te5 in. Tracer transfer data was obtelned both by water sampling within ? J
: the columns and radiation measurements adjecent to the columns. Radial i f‘

tracer distributions in the column were integrated to give the total
fraction of tracer transferred into the column as a function of time.

A maximm of 5 % of the tracer was transferred into the column at the
shallowest charge depth. Data analysis has established three distinct
modes of tracer transfer into the above-gurface columns or plumes which
are shown to be associated with hydrodynamic processes involving the
column or the explosion product bubble. The results are applied to full
scale nuclear yields by utilizing & modified radial flow bubble model

as a means of predicting the expected fission product transfer modes for
specific nuclear yield and depth conditions.
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PROBLEM

Accurate prediction of the above-surface radiological effects re-
sulting from a shallow underwater nuclear explosion requires a complete
knowledge of the mechanisms by which the fission products are trans-
ported from the explosion bubble to the surface enviromment. A complete
phenomenology for shallow underwater explosions is not currently avail-
able; however, considerable progress has been made both theoretically
and experimentally with high explosive in the area of hydrodynamics of
the bubble and gbove-surface columns. This investigation is concerned
with the explosion or fission product transfer mechanisms and their
relation to the hydrodynamic processes of the bubble and columns.

FINDINGS

For small scale shallow underwater explosions, the traced explosion
products were fourd to transfer into the column or plumes in three dis-
tinct modes or phases. Each of.the transfer phases was related to a
hydrodynamic process. FPhase I 1s associated with the bubble top oscil-
lation, phase II with the column walls, and phase ITI with the bubble
bottom oscillation (late emission process).
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A modified form of the radial flow bubble model which predicts the
independent motions of bubble top and bottom for any yield can be em-
ployed as a means of predicting the expected modes of fission product
transfer at nuclear yields.,

Only a small fraction (approximately 5 %) of the traced explosion
products were transferred into the column via phases I and II, at very

shallow charge depths (in deep water); and virtually none at Umbrella
scaled charge depths and deeper.
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PREFACE

This Laboratory has conducted the HYDRA Program in order to deter-
nine the radiological effects from underwater muclear explosions. The
ultimate objective was to analyze and «xpress as functions of yield and
depth of burst those radiological effects that can infliaence fleet and
alrcraft operations and/or design., The Program included a series of
field tests to investigate comparable nuclear phenomena through the use
of high explosive charges. This project, Hydra IIB, includes severel
of the test series in the program, in which the experimentation was
limited to shallow underwater explosions of l-pound charges.

Hydra IIB consisted of several experimentsl phases: (1) determina-
tion of the water motion adjacent to the expanding underwater bubble;
\2) determination of the dynamic internal structure of the above surface
column; (3) determination of the transfer mechenism of explosion pro-
ducts from the underwater bubble into the column and thelr distribution
within the column. The first two phases are reported in References 1
and 2. The subject of this repcrt is the third phase along with appli-
cation of the results of all three phases to high-yleld nmuclear detona-

tions.

Results of the Hydra Program currently are being utilized to com-
pute the radiation fields from shallow unierwater muclear detonations.
These computations require a knowledge of tre distribution and mechan-
isms of release of fission products in the above-surface columns. Since
almost no information of this kind has resulted from weapons tests,

iv
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investigators have been forced to sssume distributions. The transfer
mechanisms and fission prodpct distributions described in this report
should be applicable to these computations.
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INTRODUCTION

Very little investigation has been made of the specific processes
by which fission products are transferred from the underwater bubble
into the column of a shallow underwster nuclear detonation. Radiologi-
cal measurements made during wespons tests indicate only gross results,
which yield little insight into these processes. Intelligent extension
of these gross radiological measurements on a limited number of nuclear
tests to other depths and ylelds requi:i+s a basic understanding of the
transfer processes.

m— prm——————

Precise understanding of these transfer processes requires that
experimental work be accomplished at & scale that allows measurements
to be made readily and multiple tests performed. Such experimentation
can be done with one-pound high explosive charges and a radioactive
tracer vwhich satisfactorily simulate shallow nuclesxr detonations.
Transfer mechanisms and distribution may then be investigated by physi-
cal sempling of the column and by above-surface measurement of radiation
from the column,

Before proceeding further, it must be made clear that this study
is mainly concerned with shallow underwater detonstions, which are
characterized by high above-surface columns, rather than deep detona-
tions, where low bushy plumes result. Generally, shallow detonations
are subdividea into "very shallow" and "shallow" scaled depths.9 The
very shallow detonation produces a short cylindrical column topped by a

. j%"’ S

crovn,while the shallow detonation results in a highk column with no

1
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crown. Examples of each in the niuclear yleld range are Crossroads
Baker and Umbrella, respectively. These detonetion depth classifica-
tions do not take the bottam depth into consideration.

BACKGROUND

The distribution and quantities of fission products in the columns
of underwater nuclear detonations and the transfer mechanisms involved
have been considered by only a few investigators in analyzing radiologi-
cal effects data. Stropels analysis3 of the total dose on the surface
resulting from the Crossroads-Baker nuclear event indicated that a con-
siderable fraction of the fission products had been transferred into
the crown of the column, as evidenced by a ring of higher dese readings
attributed to fallout. This conclusion has been controversial tLecr
only total dose data was considered. Also, no attempt was made to fix
the total fraction of fission producis in the crown.

Evans, in his aralysis of the Umbrella radiological datal," made little
or no altempt to suggest either the fraction of fission products trans-
ferred into the column or possible transfer mechanisms. However, he did
observe an initial gemma radiation pulse and concluded that its explasna-
tion required "some physical action which accomplishes the temporary sub-
mergence of the principal radiating source below the ocean surface," thus
implying conteimment of fission products within the coluwmn.

Gross fallout from very shallow (Baker scale), high explosive, chemi-
cally traced shots was investigated with the HEM 1 and 3 field test series.s
Integration of the resulting surface fallout patterns from the columns
showed that only about 20 % of the chemical tracer had been deposited.

This would imply that even for very shallow detonation depths on or near
the bottom, only a small fraction of the explosicn products had been trans-
ferred into the columns. It should be noted that both this series and the
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Baker muclear shot were detonated near shallow bottoms, which reasonably
would be expected to influence the explosion product transfer into the
column.

An intense study of radiological effects from underwater explosions
using high explosives was started with the Hydra Program. In the Hydra I
project ,6 a radioactive tracer was introduced into l-pound charges and
the column was sampled at low heights. Although the Hydra I project pro-
vided a most extensive and useful documentation of shallow low-yield ex-
plosion phenomena, the sampling technique and conditions were insufficient
to define the internal column structure and the explosion product trans-
fer mechanisms.

The Hydra IIA prc,ject7 employed a radioactive tracer in 10,000-pound
high explosive charges to simulate very shallow and shallow nuclear under-
water detonations. Gamma radiation fields were measured both at the sur-
face and from dropsondes falling adjacent to the column in an attempt to
determine the fraction of tracer within the upper portion of the column
and crown. An initial radiation pulse similar to that seen by Evans for
the Umbrella shot was observed in the surface radiation deta. Also, the
dropsonde data indicated that some tracer was transferred into the upper
portion of the column for shallow-scaled depths.

The Hydra IIB series of experiments was established with the overall
objective of understanding the hydrodynamic processes of underwater bubble
and above-surface column develomment, and then determining the mechanism
by which the explosion products are transferred into the column. The
first phase of experimental work determined the flow of water adjacent to
the expauding bubble and into the column by photographically tracking
fluorescens dyes. Its objective was to evaluate the radial flow assump-
tion used by Hammond's bubble model.8 The results are analyzed in Ref. 2.
They show the flow not to be radial and potential functions are suggested
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to describe the flow paths for a more comprehensive bubble model. To
avoid this complication, a revision of the bubble model in Ref. 8 is pre-
sented which takes advantage of the fact that only radiasl flow can occur
along the vertical axis of symmetry where there is no tangential compon-
ent. This simplified model predicts bubble top and bottom periods for a
large range of ylelds and depths. The ratio of bubble top and bottom
periods is suggested as a characteristic parameter of bubble motion.

The second experimental phase of the Hydra IIB series:L utilized col-
umn sampling techniques at several heights to determine the dynamic in-
ternal structure of a shallow underwater explosion column. The internal
structure was found to consist of upward flowing column walls during
early bubble expansion, followed by convergence of the walls into a cen-
tral jet which rises high into the alir and a downward Jet which penetra-
tes through the underwater bubble.

OBJECTIVES

With the bubble motion and the dynamic structure of the column reason-
ably well understood for one-pound yields, it was possible to undertake
the present study of explosion product transfer processes into the col-
umns and crowns at very shallow and shallow scaled depths. In addition,
these results were to be analyzed and compared with those from traced
large-yield high explosive and nuclear events so as to extend understand-
ing of such comparable processes.

Investigation of the explosion product transfer processes was accomp-
lished through the following specific experimental objectives:

1., Determination of the explosion product tracer distribution with
time *in the column at several heights during the event.
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2. Determination of the total fraction of tracer transferred into
the column as a function of time.

3. Measurement of the gamma radiation adjacent to the column st
several heights to determine the tracer location and distribution within
the column.

APPROACH

The distribution of traced explosion wpioducts transferred to the
column and crown was determined by water sampling of the column. Faci-
lities and instrumentetion for column sampling were the same as those
used for the second phase experimental work concerned only with the
column internal structure. The radioactive explosion product tracer
contained in the water was of major interest during this experimental
phase. Water samples were collected at two heights in the column by
means of a series of samplers arranged across 1ts diameter which could
be closed at desired times. Multiple shots at each depth were used to
vary sampling height and time. The quantity of tracer in the water
samples was determined by standard counting procedures.

The explosion products were traced with a liquid radiocactive tracer
placed in a spherical shell near the center of & special spherical charge.
The central location of the tracer within the charge was necessary to
simulate the probable fission product distribution for muclear explosions.
The radial tracer distributions derived from sampling data were then in-
tegrated for the column, to give the total fraction of tracer in the
colunn for the heights and times of sampling.

In addition, & very narrowly collimated radiation detector was used
to help determine the precise location of the radiocactive tracer within
the column. The detector was located adjacent to the column, directed

5
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at its axis and positioned st various heights for each shot. The radia-
tion data provided both a rough indication of the tracer location during
the event and with more careful analysis, a means of following the tracer
during the initial bubble expansion period.

Scaled charge depths of interest are in the "very shallow" and
"shallow" depth classifications as defined in Ref. 9. Nuclear events
Baker and Umbrella are approximately scaled by the depths 2.5 and 5.5
in. respectively. The actual depth range used was from 1.6 in. { ~ 1
charge radius) to 12 in.; the specific depths being the same as have
been used previously with similar charges. The test pond is sufficiently
deep so that deep water firing conditions could be assumed.
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EXPERIMENTAL DETAILS

TEST FACILITIES

This test series was conducted at the NRDL test-pond facility lo-
cated gt Camp Parks. The facllity consists of a fresh water pond with
its assoclated filter system, a movable instrumentation-support struc-
ture, a portable house used as & work shop and office, and an instrumen-
tation van. A general view of the facility is shown in Fig. 2.1.

The pond has the shape of an 18-t radius hemisphere with a 6-ft
wide underwater camera bay extending 10 £4 to the south. The pond is
constructed of a 12-in.-thick reinforced concrete shell which will with-
stand detonation of 1-1b HE charges underwater to a depth of approxi-
mately 6 ft. The pond contains 90,000 gallons of fresh water at normal
operating level., The water is continuously filtered through a 3-unit
sand-bed fixed-filter system with & capacity of 100 gmm. When rapid
removal of explosion products is desired, an additional diatomaceous-
earth filter system with s capacity of 40O gmm is used as well.

The instrument-support structure provides for rigid positioning of
instruments over the water surface at any height up to 12 ft. The fab-
ricated steel structure spans the pond and is supported on wheels,
facilitating movement away from the pond. A 12 x 12-£% freme within
the upright rails can be raised by electric hoists to any height up to
12 £t above the water level and securely locked in place with pins at
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6-in. intervals. This frame supports the sampler beam over the center
of the pond in a north-south orientation. The streamrlined sampler beam
supports 15 complete sampling devices. It also protects the sampling
devices and their associated wiring from the high-velocity water of the
plume. Figure 2,2 shows the sampler beam in place with its cover open N
and the semplers installed.

-

EXPIOSIVE CHARGES AND TRACER

The explosive charges used were l-pound, spherical pentolite
charges drilled to receive a detonator and tracer at the center. The
detonator is spherical, 5/8 in, in diasmeter. It is surrounded by an
absorbent paper shell l/ 16 in. thick, which will absorb approximately
1 ml of tracer solution. A pentolite plug closes the opening. Details

of construction are shown in Fig. 2.3. The charges were electrically
detonated by the thyratron-controlled discharge of a 20-ufd capacitor
charged to 1800 volts. .

The charges were supported in firing position by a Imcite ring with
a diameter smaller than that of the charge, and were held on the ring ?
with a single wrup of electrical tape. The ring was supported by cords (

to a horizontal tension system. Both are seen below the sampler beam
in Fig. 2.2.

The radiouctive tracer Anl98 Wwas selected according to several ;
requirements:

1. Short half-life (65 hr) to vprevent excess build-up of pond
water background.

2. High concentration (mc/ml), since the volume available in
the charge is only 1 ml.

3. Gamma energy (O.4t11 Mev) suiteble for high efficiency counting.

8
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Fig. 2.3 ©Spherical Explosive Charge Designed for Tracer Insertion
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Also, it is avallable at a nominal cost from Osk Ridge National
Laboratory in the form of AuCZl3 dissolved in 1 N HC1 solution.

INSTRUMENTATION

Each sampler consists of a snout tlirough which the water enters, a
normally-open valve, and a sample reservoir. It has a straight 3/’+-in.
bore through to the reservoir cap, where the water impinges on a8 cone
and is directed into the annular reservoir. The reservoir cap also has
ten l/h—in. vent holes to release eny pressure build-up within the
reservoir. Figure Z.4 is a sectionasl view of the entire sampler.

Because the sampler snout extends below the sempler valre, the nor-
mally-open valve is single-stage so that sampling is continuous until
terminated by closure of the valve. This arrangement insures that the
water sample does not include water retained in the snout from an sarlier
time as would be the case for a nomally closed valve opened during the
event. This cumlsative arrangement requires, to obtain a sample volume
for a specific interval of time, that volumes from successive shois with
different termination times be subtracted from each other. The same
sampler was used to obtain total event samples simply by not closing the
valve during the event.

The sampler reservoir has a total volume of 450 ml; however, cali-
bration tests have shown that total sawmples should be limited to 150 ml.
When a total sample exceeding 150 ml was expacted, the effective sampling
area was reduced by a factor of five with a 3/8-in. bore orifice plug in-
serted into the end of the standard 3/h-in. diameter bore snout.

The sampler had been calibrated in a high-velocity spray of known
bulk density to determine its effective sampling area and the effect of

11
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non-axial sample approach. The deteils of this calibration are given in
Ref. 1. The sampler reservoir and its cap were Teflon-coated so as to
allow simple decontamination when the samplers were used for several
shots in one day.

The valve section of the sampler was required to block flow into the
reservolr at a precise, predetermined time during the event. This is
accomplisied by moving the piston along its horizontal axis to the closed
position. The piston is actuated by an electrically initiated sauib, or
gas generator, and stopped at the end of its travel by a tapered brass
cushion which absorbs the energy of the piston by a small radial defor-
mation. The closing time of the valve is 1.1 msec or less. Calibration
and performance of the velve are more fully described in Ref. 1.

The timing system for valve firing provides triggering voltages to
the valve squibs at precise, ordered time intervals after shot zero time.
Five separate valve-actuation times, each ranging from O to 900 msec, were
available. However, the same time was normaily selected for all samplers.
Briefly, the system consists of an electronic counter-time unit with the
output of I decades switched into diode logic units. The outputs of the
logic units trigger thyratrons that allow capacitors to discharge through
the squibs. A 10-channel event-programmer provides contact closures for
starting cameras, recorders, and finally the counter-timer for the pre-
cision timing system.

The collimated gamma detector consists of a 2-1/4-in. diameter by
2-1/2-in. sodium iodide (thallium activated) crystal and a photomulti-
plier tube, mounted in & cylindrical lead collimator. This assembly
weighed approximately 200 1b and could be positioned with relative ease.
It was positioned 7 £t from the column axis at any desired height above
the water surface up to 12 ft. It was mounted level and aimed at the
column axis. A cross-section of this assembly is shown in Fig. 2.5.

13
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The electronics associated with the detector were located in the in-
strument trailer, except for a smell photomultiplier output cathode fol-
lower unit located on the collimator. The electronic system consisted of
a high voltege supnly for the photomultiplier tube, a cathode follower,

a linear pulse amplifier, two Tektronix #535 oscilloscopes used as energy
discriminators, and a high-speed oscillograph.

In order to reduce the background radiation seen by the system, an
energy window was formed around the tracer's 0.4 Mev gamma energy. The
two oscilloscopes were used as energy discriminators with one passing only
pulses with an energy of 0.2 Mev or more and the other passing pulses with
an energy of at least 0.8 Mev. The difference in the number of pulses
from each channel then gave the resulting pulses between 0.2 and 0.8 Mev.
Use of the oscilloscopes as discriminators was accomplished by feeding
the output of the linear pulse amplificr into both oscilloscopes and
adjusting their triggering levels appropriately, so as to trigger their
horizontal sweep. Pulses from the oscilloscope sweep outmut then were
recorded directly on separate channels of the high-speed oscillograph. A
sweep time of 20 pusec was used which allowed a meximum pulse rate of 50 K
per second.

The collimator effectiveness was determined by locating a small Aulg8
source successively in positions off the collimator axis and recording

the resulting count rates. The response (relative to on-axis) drops off

almost linearly with the off-axis position of the source at a 7 £t, 2 in.
standoff, and reaches background level at 12 in. + 1 in. The response

curve is shown in Fig. 2.6.

PROCEDURE

At the beginning of the experimental work, determination of the
tracer distribution by sampling of the column was considered the most

15
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Fig. 2.6 Off-Axis Response for Collimated Gemma Detector

16

CONFIDENTIAL

— e . e e = e G G — w—

N

PP WD DU




Y

CONFIDENTIAL

- eum eum Gme e G g B e we Sma evw

importent means of accomplishing the objectives. The previous work on
structure of the column had shown that convergence occurred at approxi-
mately 6 £t above the water surface for a charge depth of 5.5 in.} so
that this was the minimum sampling height if sampling inside the bubble
was to be avoided. This was necessary beceause the sampler is not sult-
sble for sampling of gas. Also the approximate center of the column
crown for the very shallow charge depths occurs at approximately 11 f£t;
s0 this upper height limit was selected.

An exploratory approach was used to choose charge depths and samp-
ling conditions. Work was begun at a mid-range depth and nominal 6 £t
sampling height, with sampling termination at late times. When little
tracer was encountered, sampling of further shots was not continued to
higher levels and shorter times, but rather a new series of shots at a
shallower depth was begun. As more tracer was encountered at the shal-
lover charge depth, higher sampling height and shorter termination times
were selected to obtain a rough tracer distribution. This process re-
sulted in a final selection of 8 and 11 ft nominal sampling heights for
the 1.6 and 2.5 in. depths, 6 and 11 ft heights for the 3.5 in. depth,
and only a 6 £t height for the 5.5, 7.5, and 12 in. depths. Final samp-
ling times were 27, 52, 100 and@ 300 msec, and the duration of the total

event. Table 2.1 gives a sumary of the mumber of shots fired under
each sampling condition.

Also included in this table are the number of shots for intervels of
height at which gamma detector measurements were made. Here there are
five detector height increments of 2 ft starting ot less than 2 £t and
extending up to 12 ft. Generally a gamma detector measurement was ob-
tained for most sampling shots, but no shots were fired only for gemma
detector measurements. The gamma detector was always mounted at a height
lower than the samplers, so as to avold measurements in a section of the
column possibly disturbed by the sampling beam.

17
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TAB'E 2.1

Summary of Shot Conditions
(No. of Shots)

Charge Depth Nominal Sampling Termination Time ({msec) Camma Detector Height
(in.) Sempling 27 52 100 300 Total Event <2ft 24 £t h-6 ft 8 £t 6-12 £t
Beight
(£¢)
i.g 12 > ; * 1 2 2 4 2 2
2.5 6 - - 2 - -
2.5 8 2 2 3 3 1 4 5 6 2 L
2,5 1 2 2 2 1 -
3.5 J_f r o3k 13 3 3 1
5.5 6 - 2 2 2 - 1 1 - 1 -
7.5 6 - - 1 1 - - 1 - 1 -
12 6 - - 1 1 - - 3 - - -
18
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Charge and Tracer Handling

As indicated previously the radiocactive tracer was inserted into
the charge in the form of a solution. An air shipment of radioactive
tracer was received weekly from Ogk Ridge National laboratory. This con-
tained approximately €0 millicuries of activity in 0.1 to O.4 ml of
solution at the time of arrival. Pre-shot preparation of the tracer
solution required only dilution of the solution, in the screw-top ship-
ping bottle, to a total volume of approximately 2 ml.- Although one ml
of solution, containing approximately 20 millicuries, was used for a
shot, two shots generally were fired in one dey. Upon dilution the
tracer solution was ready for transfer to the charge.

The first several shipments of tracer were assayed by standard
counting techniques on a 25-A sample, drawn with a micropipette, to
check the declared quantity of radioactivi‘lby. These assays showed good
agreement with the steted quantity; so that subsequently only every
fourth shipment was assayed. It is estimated that the amount of activ-
ity delivered into the charge was known within + 5 %.

The explosive charge was prepared by assembling the absorbent shell
around the detonator and installing them in the well. It was then moun-
ted on the lucite ring, supported by the horizontal tension system
several feet above th~ water surface,and precisely positioned on a ver-
tical axis through the center seampler. Next the tracer solution was
pipetted directly from the shipping bottle onto the absorbent shell
within the charge. The plug of explosive material was inserted and
sealed with a patch of electrical tape.

The charge support system was arranged so that the charge could be
lowered without dislocation from the vertical axis. The charge depth
was set by lowering until the charge top was just breaking the water

19

COCNFIDENTIAL

4 —




- S e - 5
$Fa R

CONFIDENTIAL

- e . m s G Gme e S e e e

surface. Then the lowering continued to the desired depth minus one
charge radius, as indicated by the length of cable payed out. This
method gives a charge depth accuracy of approximately + 1/8 in.

Sampler Set-Up

Before every shot, the sampler reservoirs were decontaminated by
rinsing with fresh water. Tests had indicated that this procedure was
sufficient to prevent cross-contamination between shots. Each sempler
valve was reset to the open position and a new squib was installed, so
that the sampler was ready for the next firing. The samplers vere
routinely overhauled, including replacement of the piston cushion, after
every ten shots or when it became difficult to reset the piston to the
open position.

Confidence in the reliability and accuracy of the sampling valve
performance had been established during previous sempling experiments.
On the assumption that valve performance did not vary, only the valve-
firing system performance was checked by recording the valve-firing
signals, along with the zero time of each shot, on the oscillograph.

The gamma detector was always mounted level and aimed directly at
the column axis with its collimating orifice 7 £t-2 in. from the
colum axis. After positioning and shortly before shot time, the system
performance was checked with a low-level Cs-S! standard source placed in
the lead collimator orifice. In addition, the triggering levels of the
oscilloscopes being used as energy discriminators were set by bringing
Aul98 tracer within range of the detector to provide sufficient photons
of characteristic energy. The system was tested for spuriocus pulses
which might result from firiung of the samplers and from explosive shock
effects, by operating the system during a shot without tracer.
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Sample Treatment

After each shot the sampler reservoirs were opened anu the samples
removed in the following menner. When a reservolr contained a large
volume of liquid, its volume was measured with a graduate. All of the
seample was stored in a polyethylene bottle from vwhich a smaller semple
was drawn later for counting. Samples with volumes of 10 to 100 ml were
also measured with a graduate and then stored in a 100-ml lusteroid tube
that could be inserted directly into the well-counter. Samples of 10 ml
~r less were measured with a small graduate and then poured into a

usteroid tube., In order to assure recovery of all tracer for these
small samples, the sampler reservoir and cap were rinsed with distilled
water and swabbed with a paper tissue, all of which also was placed in
the lusteroid tube for counting.

All samples then were counted immediately in a standard 3-in. well
crystal counter system to determine the gross count rate of the sample.
. This gross count rate was then corrected for counter background, sample
volume, decay of tracer, and pre-shot pond water background +to yield a
total count rate for the sample.

Correction for pond background required samples prior to each shot.
When two shots were fired the same day, the background samples for the
second shot were taken just prior to the second shot. To ensure suf-
Picient mixing, both pond filter systems were used to circulate the pond
water after each shot.
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RESULTS

TRACER DISTRIBUTION

The tracer sampling data for each shot consisted of 15 samples: two
semples at each of 7 sampling radii (right and left) and the center axis
sample. It was desired to reduce the data so as to obtain a radial dis-
tribution and a time history of the tracer arrival for each charge depth
and sampling level. Because of the many combinations of charge depth;
sampling height, and termination time, it was possible to fire only a few
shots for each particular combination due to limitations of time and
funds.

The few samples (1 to 8) at each combination (charge depth, sample
position and termination time) generally presented a large range of
values so that it was difficult to determine the time increment during
vwhich tracer actually arrived. This resulted from the cumulative mode
of sempling employed. With so few samples at each condition, no con-
ventional statistical methods could be applied; so a sample aversaging
process was employed in the following manner. FMFirst, all samples were
normalized to sample counts per minute per millicurie of tracer inserted
into the charge. Then all the sample values for like shot combinations
of depth, sample position and termination times were arithmetically
averaged together (samples taken with the 3/8 in. orifice were corrected
to the steudard sampler area). Next the average value for the shortest
sempling termination time (at a given sample position and charge depth)
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was compared with the average value of the next longer time to see
whether a significant incresse was evident. Generally, 3 20 % increase
in the averasge value was considered significant; but in the cases where
the average value for the longer period showed a lesser increase, values
for both times were aversged together and assigned Lo the earlier time
period. This assumes that no significant additional tracer was collec~
ted during the longer time period. The averaging process was continued
for successively longer sempling times until a 20 % increase occurred,
and a new average value was established. This process nad the advantage
of utilizing all possible data.

The results of this data analysis are presented in Figs. 3.1 to 3.3
for the three shallowest charge depths, 1.6, 2.5, and 3.5 in. Each fig-
ure shows two distributions, A and B, one at each of the two established
sampling heights (hs)' The tracer distributions for deeper charge depths,
5.5 in. and greater, are not presented because the maximm quantity of
tracer was only a few percent of that measured at the shallower depths.

TOTAL TRACER IN COIUMN

With the radial distribution of tracer now esteblished, the total
fraction of tracer transferred to the column can be computed for each
specific sampling height and time. This computation, which assumes sym-
metry about the vertlcal axis, divides the horizontal cross-section of
the column into a >-in. radius circle and seven 6-in. wide concentric
rings, each ring having & mean radius corresponding to successive sampling
stations. The sample count rate at cach sampling radius, which is pro-
portional to the quantity of tracer, is multiplied by the area factor
of the ring. Then the products for all rings are summed to give the
total count rate per millicurie of input tracer. The counter efficiency
for the tracer (53 %) being known, the total count rate is converted to
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disintegrations per minute, and then divided by the defined number of
disintegrations per millicurie 1o getl the fraction of tracer resuiting
at this specific condition. These results are presented in Table 3.1
for all combinations of conditions for which suificient data was avail-
able.

The total fraction of tracer in the column from Table 3.1 has been
plotted, Fig. 3.4, against charge depth at the lower nominal sempling
heights of either 5 £t-8 in. or 7 £t-8 in. depending on charge depth
for all available times, so as to present more clearly the time develcp-
ment of the tracer transfer process. It shorld be noted that the frac-
tion of tracer presented is cumilative with time. Therefore, the maximum
quantity of tracer would be only approximately 5 %.

SRS AR R RS

The data from Table 3.1 is also plotted, in Fig. 3.5, sgainst time
for a charge depth of 2.5 in. at both nominal sampling heights of 8 and
11 £t to show the similarity of the time history at each sampling height.
Since no data is available between 100 and 300 msec, that sectlon of the
curve was interpolated and is shown in dashed lines.

A crude estimate of the tracer remaining in the pond after a shot
was made by taking several samples of pond water after the tracer had an
opportunity to mix with the water for an hour or more. After counting
the samples and adjusting for preshot background and counter efficiency,
the total fraction of tracer remaining could then be calculated, the
total volume of water in the pond being known. The resulting estimated
fraction of post-shot tracer in the pond has been plctted against charge
depth in Fig. 3.6 for all shots where data was available. The scatter
of data seems to be rather wide for all the charge depths. A crude curve
was drawn through the average of all points, and it 1s seen that the
smallz2st post-shot fraction of tracer occurs at the shallowest charge
depths while there is no apparent loss at a depth of 5.5 in. It should
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TABIE 3.1

Fraction of Tracer in Column (%)

Charge Depth Sampling Height __ Semple Termination Time (msec)
(in.) 27 52 100 300 Total
Event

106 7'-8" 00)'" - 1.2 501" -
106 10"8" - - O.ll- - 1.0
2.5 7‘-8” 005 102 105 309 -
205 10"'8" 002 l.O 103 303 -
3.5 51.8" - 0.9 1.6 3.8
3.5 10+-8" - - 2.0 -
5¢5 51-8" - 0.02 - 0.1 -
Te5 5t-8" - - 0.02 - -
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be poin*ed out that the post-shot fraction of tracer would not include
any tracer in water which fell beyond the pond surface and therefore

would depend on wind conditions.

WATER DISTRIBUTION IN THE COIUMN

Water volume data is of course & by~product of the tracer ssmpling
data that was of primary cencern during this experimental phase; however,
it is useful as supplementary dets for detemmination of the internal
column structure. The column structure had been determined by water
sampling previously but the data was sparse, particularly at the shallow
charge depths of 1.6 and 2.5 in. where most of the tracer work was
acconplished, In view of thls, it is considered worthwhile to use che
add’Ztional water volume data to revise or extend the radial distributions
of water in the columns presented in Ref. 1. The new sample vclume data
wes combined with the previous data for each condition of charge depth
and sampling height and then reduced in the same manner as the tracer
data, so as to distribute the cumulstive ssmple volume into appropriate
time intervals. The resulting radial distributions of sample volume per
standard 3/4-in. snout orifice are presemted in Appendix A for charge
depths of 1.6 to 12 in, and sampling heights where new data was available.

The revised and extended water volume distributions within the
column provided the opportunity to up-date the values of total eJected
water in the column which also had been presented in Ref. l. The total
eJected volumes were calculated as before by mmerical integration of
the radial volume distributions for each condition of charge depth, semp-
ling height, and time within event. A table of cumlative total ejected
water is presented in Appendix A, which includes values for all conditions
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where sampling data is available. The table 1s coded as noted to show
new, revised, and unchanged values from Ref. 1. The new and revised data
doesnot indicate any significant changes in the results of Ref. 1.

GAMMA RADIATION ADJACENT TO THE COIIJMN

Radiation measurements,made with the collimated gemuia detector
mounted adjacent to the rising column,were made as an additional means
of locating the tracer within the column. Since the radiation levels
were quite low and the total event time was short (1 to 2 sec), consider-
able care was taken when reducing the pulse date to count rates becsuse
of the critical effect of the time interval over which pulses were
counted. As previously discussed, pulses from the scintillation gamma
detector were recorded directly on the oscillograph record. So, except
for inefficlencies, each pulse recorded represents a gamma photon strik-
ing the detector.

The radiation record for each shot was first reduced by counting
all pulses in each 100-msec interval starting at zero time and then
normalizing to e 20 millicurie tracer input. The number of pulses per
time interval for all similar conditions of charge depth and detector
height, or a smsll range of heights in some cases, were then averaged
togeth 'r and piotted sgainst time. The resulting graphs for each charge
depth have been made with the date for the different detector heights
superimposed and the pulses per 100-msec interval converted to counts/sec.
No correction has been made for counting system efficiency, and data is
not given for detector heights above 66 iny because in this region the
count rates were not significantly above background. The results do not
change noticesbly with charge depthj so only those for the 1.6 in. charge
depth are given in Fig. 3.7, while the remainder are given in Appendix B.
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Close examination of the number of counts during the first 100 msec
interval shows a sharp reduction with incressing detector height. This
effect is shown in Fig. 3.8, where the number of counts (or pulses from
the record) for the first 20 msec of the event, normalized to the stand-
ard 20 millicurie input, is plotted vs. detector height above thc water
surface for all shots at the 2.5 in. charge depth. The sharp cut~off
between 5 and 6 £t indicates the initial maximum height reached by the
tracer within the column. Similar graphs for charge depth of 1.6 and
3+5 in, are given in Appendix C.

The initial high count rates during the first 100 to 200 msec at
detector levels below 6 £t were analyzed more intensively so as to gain
both high time resolution and a true indication of eount rate. This
vas accomplished by messuring the "time between pulses" directly from
the records, and then plotting its inverse, which is count rate (counts,/
sec) vs. time both on & log-scale. The count rate point was plotted
at the mid-time between the pulses from which it was derived. All data
available for each condition of depth and detector height was plotted
on a separate graph, and then a best curve was drawn in through the
points. The resulting curves (minus the data points) were then combined
for each charge depth into one graph which included the curves for all
detector heights., This arrangement allows convenient examination of
the relavive time of peak count rates for each detector height. Fig-
ure 3.9 is a typical high resclution initisl ccunt rate graph for a
charge depth of 2.5 in., with curves for detector heignts of 18 and Lk
in. and approximately 5 £t. The three separate plots for each detector
height at the 2.5-in. charge depth which show all the data points and
resulting curves are given in Appendix D. The remaining plcts of com-
bined high resolution initial count rates for charge depths of 1.6,

5.5 and 7.5 in. are also presented in Appendix D.
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ANATYSTS AND DISCUSSION
TRANSFER AND DISTRIBUTION OF TRACER BY SAMPLING

The radial distributions of tracer at two sampling heights have
been presented in Figs. 3.1 to 3.3 for charge depths of 1.6, 2.5 and
3¢5 in. Distributions were not presented for charge depths of 5.5 in.
or deeper, because no significant quantity of tracer was present in the
samples. These radial tracer distributions typically have a low initial
level all mcross the column during the first time interval (0 to 27
msec), followed by & rapid increase during subsequegt time intexvals at
the column center.

The only exception to this rather typleal tracer distribution
occurs in Fig. 3.2A, where no increase in tracer is evident at the
column center after 52 msec, where typically a large increase out to
300 msec would be expected. A review of the data incorporated in Migz.
3+2A shows that in an attempt to resolve the problem, 3 shots were fired
with sempling terminated at 300 msec. The highest sample count rate at
zero redius was 216 X 163 counts/min/me, which is see¢n to be less than
the typical peak values of 300 x 103 or more. It was not possible to
fire additional shots at this condition to clear up this troublesome
plece of dataj so it will be assumed that the radial tracer distribution
is similer to the others aid that additional data would show this to be
the case.
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{ This typical radial tracer distribution - very low amounts all

: across the column at early times followed by very large quantities at
the column center during the 50 to 300-msec period - is seen to be
strikingly similar to the water distributions. This similarity is read-
11y observed by simple comparison of the tracer distributions in Figs.

’ 3.1 to 3.3 with the water sample volume distributions either in Appendix
] A or those from the earlier sampling experiments given in Ref. 1. It
must be added that the similarity of the distributions holds only to
depths of 3.5 in., hecause no significant amount of tracer is transfer-
red into the column at depths of 5.5 in. and deeper.

This previous sampling work had ciearly established that for one-
pound charges at shallow depths the upward flowing column walls con-
verged at a height of approximately 6 ft into a high velocity, central
Jete All of the tracer sampling was done at the convergence height or

higher .» that the large water volumes and tracer samples collected at
the coiumn center are from the central jet. It mus* be concluded then
that since the water in the central Jet comes from the lower column
walls, the large quantity of tracer found in the central jet must also
have been associated with the column walls.

The total fraction of the input tracer transferred into the column

and crown as computed from the tracer distributions has been presented
in Fig. 3.4 for the standard charge depths and event times. It is
apparent from this figure that the total fraction of tracer transferred
into the colum is 5 % or less, with all but 1/2 % or less collectad
after €7 msec, This would indicate that the largest fraction of the
total crecer found in the column and crown is transferred via the upward
flowing column walls.

Komas

Figure 3.6,which gives the post-shot fraction of tracer found in
the pond, should be considered alcng with the data for the total fraction
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of tracer transferred into the column, since the unaccounted-for frac-
tion may represent an additionel quantity of tracer present in the
column but which escaped sampling. For the shallowest charge depth
(1.6 in.) the missing fraction of tracer is 10 to 12 %, which must be
seriously considered because it exceeds by a factor of 2 the total quan-
tity of tracer in the column as measured by sampling. There are sev-
eral opportunities for tracer to be lost during the event and not be
returned to the pond water: (a) direct venting of the tracer in gaseous
form or as a very light aerosol during the initial column formation;
(b) inclusion of tracer in the light crown aerosol, much of which is
blown downwind; (c) fallout of tracer included in the central jet or
column walls outside the pond; (d) venting -1 a gaseous or light aero-
sol form during the final bubble venting or late emission processes;
(e) loss to the pond sw ices or filter system.

Some pertinent con: Jerations concerning loss of the tracer from
the pond can be discusseu at this point. First, loss to pond surfaces
or filter system need not be considered, because tests with the Aul98
tracer showed no uptake over & period of several days. Next, the loss
due to fallout of the main column outside of the pond cannot be of
great significance because the bulk of the column water which contained,

at most, 5 % of the tracer did return to the pond.

Another possibility is that the lost fraction of the tracer was
included in the crown aerosol, most of which was blown downwind. This
condition would require that the sampling measurements made at the
crown height ( ~ 11 £t) be very inefficient, thus resulting in a low
value of total tracer in the column. The possibility of inefficient
sampling in the crown is very real considering the unknown flow pat-
terns within the c.own; however, sampling below the crown height, whexe
the flow is known, gives very similar results. This is shown nicely iun
Fig. 3.5 where the totai fraction of tracer is given with time for both
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8- and 11-ft sempling levels, and the variation is only 13 % at 100 msec.
Further consideration will be given to the fraction of tracer lost from
the pond later in the report.

GAMMA RADIATION ADJACENT TO THE COLUMN

Measurements with the collimasted gamma detector adjacent to the
column at various levels were made as a supplemental means of determin-
ing the distribution history of the tracer in the column. Typical gamma
records are shown in Fig. 3.7 for several detector levels at the 1.6-in.
charge depth. These records for the complete event show a characteris-
tic initial pulse of radiation during the first 100-msec interval, fol-
lowed by a drop to background level until 500 to 600 msec and then a
moderate increase until about 1.5 sec. The peak radiation count rates
aiminish with successive increases of detector height or equivelent
column height until approximately a height of 6 ft, where the count
rates approach background levels. Measurements were made at heights up
to 12 £t, which is about the center of the fully developed crown for a
very shallow charge depth.

The initial radiation pulse will be considered in detail first,
since it is associated with the column formation processes. The second-
ary radiation peak which occurs during the final stages of the event
will be considered later. The first analysis of the initial pulse was
aimed at determining more precisely its characteristic decrease with
detector height. This was done in Fig. 3.8, where the totel number of
counts during the first 20 msec of the event is plotted for &il detec-
tor heights at the same charge depth, and the result is a rather sharply
defined cut-off between 5 and 6 ft. A very similar cut-off of radia-
tion at about the same height is seen from the 1.6- and 3.5-in. charge
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depth data given in Appendix C. At this point it must be concluded that
the bulk of the tracer does not move sbove this cut-off height within
the column.

Consider next the plots of high resolution count rate vs. time for
the period of the initial pulse (20 msec) presented in Fige. 3.9. Ex-
amination will reveal the following pertinent facts: (a) the curve for
the lowest detector height (18 in.) peaks first at 1 msec and then
egein at about 8 msec; {b) the next higher detector curve (4% in.)
shows only a single peak at an intermediate time of 4 msec; (c) the
highest detector curve (5 £t) has a broad intermediate peak; (d) the
peak count rates in all cases are between 3,000 and 5,000 counts/ sec.
These relative-time locations of the count rate pesaks for different
detector heights, considered along with the sharp cut-off of radiation
at 5 to 6 £t, can be interpreted only as a rapid upward movement of the
tracer within the column to the cuh-off height, Pollowed by a reversal
downward mostly back below the water surface. Most significant in this
interpretation is the double peak of the lower detector curve, indicat-
ing the first passage of the tracer during its upward movement and then
its return downward.

As foi* the fraction of the total tracer involved in this initial
motion and its radial distributicz, the collimated detector response for
several geometrical distributions of the tracer within the column was
calculated, assuming a nominal 20 millicuries of tracer, axial symmetry,
and no water shielding to Asee what distribution best fit the data.

These calculstions clearly estublished that thé ‘maxi.amm count rate re-
sponse of the detector in its normal position with respect to the col-
umn occurs when the tracer is located at the vertical column axis within
a spherical volume of dismeter not larger than 6 in. At this geuvmetry,
which is for all practical purposes a point source, the calculated count
rate is a maximm of 6,700 counts/ sec. This meximum count rate exceeds
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the observed peak rates of 3,000 to 5,000 counts/sec for the various
detector heights during the upward excursion of the tracer by only a
small factor. Therefore it must be concluded thet: (a) all the tracer
is involved in the upward excursion; (b) the tracer is in a small core
which moves along the vertical column axis; and (c¢) during the excursion
and downward reversal the tracer core may smear along the vertical axis.
Thus, the tracer in a relatively small core is seen to make an above-
water excursion within the column to a height of approximately 5 £t at

3 to b meec end to return* below-gurface by 10 ¢ 1S msaec.

In order to see the tracer excursion with respect to the early
columr: and bubble development, the tracer position as deduced from plots
of count rate vs. time (Fig. 3.9 and Appendix D) has been superimposed
on typical bubble and column outlines for similar firing conditions at
charge depths of 1.6, 2.5 and 5.5 in. These outlines are taken from
high speed above- and below-surface films. The results for the respec-
tive depths are presented in Fig. 4.1 where an outline and tracer posi-
tion are given at event times o 1, 2, 3, 5 and 10 msec - except for
the 5.5-in. depth where the sequence starts at 2 msec. The tracer core is
seen to make an upward excursion into the column at all three depths and
“remains inside the column boundary except for the shallowest charge deptih
of 1.6 in. At this depth the column at 1 msec appears to be open-topped,
with the luminescent explosion products visible and the tracer core loca-
ted very near the upper column boundary among the exposed explosion pro-
ducts. The following outline at 2 msec shows that the top of the column

has moved upward ahead of the tracer core.

Further inspection of the initial tracer excursions shown in Fig.

. 4,1 will show that the tracer core reaches its wmaximum height more
quickly at the shallower charge depths. To examine this effect more
fully, the tracer reversal time or the time of maximum height was deter-
mined for all charge depths for which data wag available. The revarsal

&
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time was determined from inspection of the curve for the Jowest detector
height on plots of the high resolution count rate vs. time (Fig. 3.9 and
Appendix D) and was taken to be time of minimum count rate between the
typical twin peaks. This approach was taken 1n lieu of determining the
time of maximum count rate for the highest detector height becanse the
minimum was more sharply defined in most cases. These reversal times
were then plotted in Fig. 4.2 along with the predicted bubble top half-
period from the non-spherical bubble model (Ref. 2) for charge depths to
1 £t, There ig ne tracer reversel time shown gt the 12-in, charge depth,
because the availsble measurements were limited to detector heights of
LY in. where no initial radiation pulse was observed.

The tracer reversal times for charge depths between 1.6 and 7.5 in.
show very good agreement with the predicted bubble top half-period, and
therefore, it can only be concluded that the tracer excursion - and thus
the initiel redietion pulse - is associaled with the motion of the upper
bubble bouanary. Further, the top bubble period as calculated from the
bubble model accurately describes the time and duration of the initial
radiation pulse.

TRANSFER MECHANISMS OF EXPLOSION PRODUCT
TRACER INTO THE COLUMN

In this section three distinct modes or phases of tracer transfer
will be suggested, and then each will be discussed. The supporting dis-
cussion of each transfer mode will make use of the experimental date
presented in this report along with concepts of intermal column struc-
ture, mostly from Ref. 1. In some cases where gaps in the data exis%,
the author'!s experience has been utilized in order to present a completed
concept. Also, several other sources have been used and are appropriately
reforenced. The objective here is to go beyond merely reporting
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Fig. 4.1 Tracer Iocation Within Column During the Initial Excursion
Period, for Charge Depths 1.6, 2.5 and 5.5 in.
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experimental data and advance same concepts on the mechanisms by which
explosion products are transterred into the column and crown. This re-
port does not lnclude any quentitative data on the third transfer phase;
however, it has been included so as to make the discussion as comprehen-
sive as possible.

First, the three transfer phases will be defined,and then a sequen-
tial series of schematic drewings will be presented with discussion to
illustrate the transfer mechanisms.

Phase I - Transfer into tke crown or upper column during the period
of the initial upward excursion of the tracer core within the column.

Phase II - Transfer into the upward flowing column walls from thne
below-surface bubble after return of the tracer to the bubble from its
initial upsrard excursion.

Phase III - Transfer to the late emission plumes as the underwater
bubble collapses upward from the bottom.

For shallow one-pound explosions, these transfer phases are separ-
ated in time so that it is possible to construct a series of schematic
drawings to show how the transfer processes are associated with the
column-bubble hydrodynamics. Such a series of illustrations is presented
in Pig. 4.3 for a charge depth of 2.5 in., wiich roughly scales Cross-
roads-Baker geometry in & bottom-free envirviment. The time sequence of
drawings was constructed using photographic da’cab for ocutlines of the
bubble and column, tracer sempling data, radiation detector duta, and
the general hydrodynamic features o. the column and bubble as previously
established. Referring now to Fig. 4.3, each event time shown will be dis-
cussed:

1 msec. The column is now ln a stage of early develomment. The
explosion products and the tracer core are contained within the upward
flowing column walls, while ‘the tracer core is seen to be at about half
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Fig. 4.3 Schematic Illustrations of Explosion Product Transf
Hydrodynemic Processes for Charge Depth 2.5 in.
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the colwmn height and moving upsard. The column is topped with a heavy
water aerosol whicn consists of the initial layer of water over the
charge. BEscape of explosion products from the column top would not be
expected at this time because the internal gas pressure as calculated
from the rsdial flow bubble model (Ref. 8) has dropped to atmospheric
by expansion. Prior to this time the water particles of the column top
have moved upward ahead of the explosion product gases.

2 msece The column has grown, but remains substantially the same
shape. The tracer core has contf;xued to move upward faster than the
columm top or crown and is now in the crown eerosol. At this depth the
tracer reversal time as given in Fig. 4.2 is 3.5 msec; so that probably
the tracer core is in contact with the crown aerosol for several milli-
seconds. During this short period, the Phase I tracer transfer must
occur'e

Actually, transfer of carbon particles from the explosion pro-
ducts to the crown must also occur during this period to a greater ex-
tent than the tracer, since the explosion products are probably distri-
buted uniformly within the column. Photographs do not show the crown to
be discolored with carbon at this time, indicating that the carbon is
not transferred to the outside drcplets of the crown.

The underwater bubble or cavity continues o grow rapidly as
a result of the kinetic erergy delivered to the surrounding water during
the initial explosion product gas expansion, thus increasing the volume
within the columm walls and bubble and dropping the internal pressure
well below atmospheric. This pressure differential is the major force

which results in the downmd reversal of the explosion products and
tracer core. )

5 msec. The column continues to grow both in diameter and height,
with the crown becoming more broad and well defined. The bubble and
column cavity hawe grown further, thus resulting In an even greater
reduction of the internal pressure below atmospheric.
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The tracer core has now reversed downward and is Just below the
crovn. However a small fraction of this tracer is sbown to .ave been

transferred to the water particles at thc crown center. This phase I

transfer mist occur by this time to explain the subsequent tz{jacer dis-
tribution in the crown at 27 msec., Possible inward flow of air from the
top of Lie column is indicated by arrows. Such a counter flow of air
opposing the upward motion of the water particles in the crown may be
partly responsible for the characteristic broad crown formation.

10 msec., The crown column and bubble have again grown larger, and
the crown is now well developed. Excursion of the tracer core 1s now
nearly complete, with the bulk of the tracer about to return to the
bubble. Some smearing of the tracer along the vertical axis is evident
from the radiation detector data. The tracer distribution data requires
some means of accounting for radiasl distribution of the tracer fraction
transferred to the crownj; so dashed arrows have been used to indicate
the circulation within the crown.

20 msec, Tbis is a time of sharp transition between both hydro-
dynamic and tracer transfer phases; consequently, conditions cannot be
precisely defined. Same features are readlily apparent. The column
walis are now vertical rather than acute. The tracer has returned to the
bubble and is probably mixing with the explusion products, and the col-
unr walls are still flowing upward. Other more speculative features ’are
shown with dashed lines and include the actual position of the interior
column walls, formation of the downward jet, and the remnant of the
smeared tracer core within the column. The downward jet formation is
discussed at length in Refs. . and 8 and consists of botl water and air
flowing in from the colurn top. The column walls are in the process of
converging to form a central upward Jjet, as is shown in the following
figure (4o msec). This convergence results from the differential pres-
sure across the column walls. The exact stage of formation of the
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downward Jet which is associated with bubbhle top pe ic unpcertein
However it is shown in dashed lines to indicate its formation which is
completed in the next tigure (40 msec).

——

: ) 40 msec. At this time, the crown iz fally developed and the: tracer

! transferred into it Guring Phase I has probably reached its final dis-
tribution. The upward flowing column walls have converged at about 6 to
8 £t, and the downward jet is protruding thrrugh the bottom of the bub-
ble. The bubble, incidentally, is still growing, at least horizontally,
and growth will) continue until approximately 100 msec. The srrows indi- ‘
cate the directicn of water flow from the column base into the column
walls and downward Jjet as established in Ref. 1.

This is -he stert of Phase II transfer of tracer from the under-
water bubble into the upward flowing column walls. The tracer that wes
returned to the bubble shortly after 10 msec has distributed itself
within the bubble so as to allow transfer into the column walls. The
details of the mixing procéss of the tracer after its return to the

bubble are not known. However the downward jet may be an important mix-
ing mechanism.

100 msec. At this time, the internal structure of the bubble and
column are much the same as before, except that the upward and downward '
Jets have extended. The Phase II transfer of tracer from the bubble is |
shown as having Just ended. However the converging column walls and the
central jet contain the tracer previously transferred. The existence of
this second transfer mode into the column walls, and hence the Jjet, is
clearly apparent from both the radistion measurements adjacent to the
column and the tracer sampling data. Examination of radiation count rstes
for three detector heigl  1iven in Fig. 3.9, starting at about 20 msec,
shows a broad secondary peak in each, occurring sequentially from the
iowest to the highest detector level. This sequence of radiation peaks
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at successive detentor heights can only be interpreted as the upward fu-
sage of a fraction of the tracer. Furthsr, the tracer sampling date
establishes that the tracer is trensferred into the column walls and
transported upward becsuse the tracer radial distributions show the
tracer sempled at later times to be associated with water of the central
jet. This jet, of course, results from convergence of the colurm walls.

No other mechanism 1s available to transport the traeez“upw’ard. " In zd-
dition to the tracer transfer into the upward jet, it also is possible
that tracer is transferred from the bubble to the downvard jet.

700 msec. The third and final transfer phase takes place during
the last hydrodynemic event, late emiassion or the collapse of tha bubble
cavity. ’' As indicated previously, the bubble top, baving a very short
period, has comupleted its oscillation and formed the downwerd Jet. How-
ever, the bubble bottom, having a longer period, collapses upward in the
form of & blunt Jet. The downvard jet has had little or no disruptive
effect on the bubble motion because during this period the bubbhle energy
has been transferred to the surrounding vater as kinetic and potential
energy. The upward jet results, of course, when potential energy in
the water is converted back into kinetic energy with a vertical cuapon-
ent. 7The Jet, consisting of water from beneath the bubble, moves rapidly
upward smashing through the' column walls and forcing the explosion pro-
ducts in the bubble to vent through the Zurbulent plumes. Since the
plumes consist of heavy water spray, the opportunity is great for trans-
fer of the explosion products and tracer into the plumes. The Phase
III transfer of tracer is clearly apparent in the graph of count rate
histories for the entire event shown in Appendix B-l. . For the lowest

detector height, the Phase III transfer period extends from 0.6 to 1.l
sec.
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This period also may provide an opportunity for escape of the
tracer fraction that is unaccounted for by the post-shot measurement of

tracer remaining in the pond, as discussed previously. As the tracer
and explosion products are forced out of the bubble cavity through the
column walls and pilumes by the late emission process, the opportunity
for transfer into the water particles is great; however, the possibility
of 10 % escaping as gae or very light aerosoi is certainly reasonable.
The Pact that a1l of the tracer is accounted for in the pond water and
that none escspes for charge depths of 5.5 in. or deeper is best ex-
plained by noting that the cohrmun walls are generally thinner as the
debtonation depth approaches the surface, thus providing less opportunity
for transfer of the tracer into the water particles. The unaccounted-

for fraction of tracer lost from the pond is thus most probably explained
by this process.

A similar seauence of schematic drnvings can be made for each
of the other charge depths investigated. This was felt to be unnecessary
because (1) the hydrodynsmic processes do not significantly change for

the other depths and (2) quantity of explcsion product transfer is given
for all depths elsewhere in the report.

APPLICATION OF RESUITS TO NUCLEAR PHENOMENA

The impcrtant question with respect to application of these findings
to nuclear yilelds is whether the modes or phases of fission product trans-
fer into the columns or crowns are similer to those which have been es~
tablished for a traced one-pound yield, Transfer Phases I and III have
been clearly associated with the top and bottom bubble motions, while
Phase Il is dependent on the upward flow of column walls and the distri-
bution of the explosion products at the end of Phase I. For the shallow
one~-pound yield, the transfer phases were well separated in time because
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of the hydrodynamic seguence. However, bubble model calculations show
that this sequence changes with yield. Therefore, the hydrodynamic
processes are of most interest in the detemmination of the probable fis-
sion product transfer to be expected al the muclear yields. As an aid
to understanding the effects of increased yield on the hydrodynamic pro-
cess, the period ratio of the bubble top and bottom vs. scaled depth
computed from the bubble model is shown in Fig. 4.4t. The relative period
ratios are indicated for 3 yields: 1 1b, 101" 1b, and 10 KT, along with
the scaled depths of three pertinent nmuclear test events. These curves
have bemn computed by R. R. Hammond and presented in Ref. 2, The ratio
of top to bottom bubble periods given by these curves is an indicator of
the hydrodynemic sequence. When the ratio is less than one, the bubble
top will jet downwerd through the bubble ahead of the bottom upward Jet,
sud when the ratio is more than one, the bottom Jjet precedes the top.

Possibllities of fission product transfer to the columns and crowns
by each of the three transfer modes will now be considered.

Phese I

As defined, transfer by the Phase I mode occurs as the fission pro-
duct core moves urward into the colwnn when the bubble top period is
shorter than the bottom period. It has been shown that for one pound
charges the return of the tracer to the below-surface bubble is associ-
ated with the top bubble period and such an. excursion results in an
initial rediation pulse. Examinetion of Fig. 4.4 will show that at
shallow scaled depths all ylelds, including 10 KT,have a period ratio
less than unity. Therefore the hydrodynamic conditiurns required for
Phase I trensfer are present. An initial radiation pulse, indicating
an upward excursion of the fission products and thus Phase I transfer,
has been observed at both muclear tests and 10“-1‘0 traced high explosive
tests (Hydra ITA). In order to determine whether the initial radiation
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pulses at the higher yields were also associated with the bubble top
motion, the initial pulses from three yields (1 b, 101‘ 1b, and Umbrella)
scaled to the Umbrella depth were time-scaled with the bubble top period
predicted by the bubble model. The data used for 10)4' 1b came from Ref. 7
and thet for Umbrells from Ref. 12. The resulting scaled initial pulses
are shown in Fig. 4.5 where the dose rate or count rate has been normal-
ized and the time scaled by dividing the event times by the predicted
bubble top period as indicated. The quite precise superposition of all
three initial pulses demonstrates very clearly that an upward excursion
of the fission products associated with the bubble top period occurs at
the nucleer yield. It follows that Phase I transfer of fission products
into the upper column also occurs.

Considersble effort was made to determine whether the scaled initial
pulses could also be established at the scaled Baker depth. Unfortun-
ately, none of the Baker test dose rate records were of high enough time
resolution to see an initial radiation y'lse. Also no data was available
from the one traced Hydre ITA shot .. 2¢ .. this depth because of an
instrument failure. Although it cannot be established directly for the
nuclear yield at depths shallower than Umbrells, the one-pound results
indicate that an initisl fission product excursion, hence Phase I trans-
fer, would be expected to shallow scaled depths at least half that of
Baker (approximately 1.6 in. for 1 1b H.E.).

Phase II

The Phase II mode of fission product transfer into the column must
occur after return of the fission products to the below-surface bubble
and inclusion into the upward flowing column walls. The Phase II trans-
fer depends on the existence of two conditions. The first condition is,
of course, a detonation depth shallow enough so that column walls are
formed. The formation of column walls is independent of the bubble top
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or bottom oscillation and probably also of yield. Column walls would be
expected to detonation depths of about half the maximum bubble radius.
A curve for the limit of column formation is given in Fig. k.4. This
limit is not at constant scaled depth for the yields given becsuse it

is based on constant geometry rather than conventional (D/wl/ 3) scaled
depths.

The second condition required for Phase II transfer is a mechanism
for dispersion of the fission products from the initial central concen-
tration to the outer bubble surfaces and hence into the column walls.

It should be pointed out here that the fission products have been pre-
dicted to be centrally concentrated during thg first bubble expansion by
Snaar,9 and this has been verified experimentally with exploding wires.lo
The mixing or dispersion of the fission products very probably depends on
the action ofthe bubble top as it Jjets downward through the bubble. The
downward Jjet can occur only for scaled depths where the bubble top to
bottom period ratios is less than unity. Obviously for conditions where
the top and bottom bubble periods are equal, reduced mixing would be ex-
pected and ‘hence little chance for Phase II transfer. Thus, the hydro-
dynamic conditions for Phase II transfer of fission products into the
column walls are limited toc shallow depths where column walls are formed
and shorter top bubble period provides fission product mixing. For 10-KT
miclear underwater explosions, Fig. L.l shows that the Umbrella-scaled
depth is about the lower limit for Phase II transfer.

Phase III

The Phase III mode of fission product transfer occurs as the bubble
bottom collapses upward, forcing all the remaining fission products in
the bubble into the plumes. This transfer phase can occur either as the
third phase for shallow depths (the plumes are commonly referred t¢ as
late emission) or as the only mode of transfer for deeper detonation
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depths where no column forms. Considering the shallow condition at
nuclear yields, some important differences are apparent from Fig. 4.k.
The most significant difference is that for increasing yield, the bubble
period ratio (top to bottom) approaches unity for shallow depths, where
columns are formed, with the result that the bubble bottom period is orly
slightly longer than the top period. The conditions for Phase II trans-
fer are present, and it is possibly under-way, but it is prematurely ter-
minated by the almost immediate onset of upward bubble bottom collapse
as Phasé ITI mode disrupts the column walls. Thus, for nuclear yields
at shallow depths, the Phase III transfer mode might be expected to pre-
empt the Fhase II mode and become the dominant mode of fission product
transfer.

Considering now the deep depth condition where no column walls are
formed, the Fhase III mode of fission product transfer becomes the only
one possible because the bubble bottom period is very much shorter than
the top period. Referring to Fig. 4.4, the bubble period ratio for 10 KT
yield is seen to maximize at the Wahoo-scaled depth. This would imply
that hydrodynamically the conditions are optimum for Phase III transfer
of fission products into the plumes, because the bubble bottam Jjet would
most likely have maximum energy and velocity when it smashes into the
water layer over the bubble top. Admittedly, the Phase IIT mode differs
samewhat from shallow to deep depths in that the bottom jet encounters a
dirferent fission product distribution within the bubble and column walls
rather than an overlying water layer. However, it seems Jjustifiable to
consider it as one process because it results at both depths fram the
bubble bottom motion. As the depth increases, the bubble period ratio
decresses, and & depth is soon reached where the bottom Jet cannot pene-
trate the water overlsyer so that the bubble must oscillate through
snother period. On the next oscillation the bubble bottom will again
have & shorter period. If sufficient upward migratior. has occurred,
the bottom jet will penetrate the surface and result in plumes with Phase
IIT fission product transfer.
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This fission product transfer mode is of major importaence because it
provides the mechanism for base surge aerosol generation and contemina-
tion with fission products. For the deep depths it is the only mechanism
available, but for shallow depths subsidence of the column walls provides
en additional mechanism. In order for subsidence of the column walls to
be a prominent mechanism for gemeration of a contaminated base surge, a
large fraction of the f£ission products would have to transfer into the
walls via the Phase II mode. Considering the relatively small fraction
of tracer transferred via Phase IT (which has been established earlier
in this report), the major base surge generation and contamination mechan-
ism for shallow detonations must also be associated with the Phase IXX
mode.

SHALION BOTTOM EFFECTS

All the experimental and analytical resulis of this report have con-
sidered the underwater explosion to be unaffected by proximity to a
shallow bottom. Actually, for nuclear application to nuclear test data,
this 1s unrealistic because both Baker and Umbrella were fired on or
near a shallow bottom. Since it has been shown that fission product
transfer is clearly dependent on the hydrodynamic processes, some con-
sideration of shallow bottom effects on the hydrodynamic processes and
hence on the transfer processes seems in order. Comments will be made
on the possible effects for each transfer phase. However, these are only
speculations because no experimental data is available and the bubble
model has not been extended to the shallow bottom condition.

Considering Phase I transfer first, a large increase in the total
fraction of fission products transferred into the crown might be expected.
There are two effects which would tend to promote this increase. The
first effect would be an increase in the height within the column of the
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fission product core excursion because of the restricted expunsion
volume for the lower part of the bubble. The gas expands above the sur-
face with the fission product core approximately centered because of the ,
1 higher resistance of the water below; so any additional resistance would !
be expected to increase the amplitude of the excursion. The other effect
E would be a slower period for the excursion of the fission product core
within the column, since the period is a function of the hubble pressure
which would not drop so quickly with restricted expansion of the bubble
bottom. Nobte that this period change did not show up in the scaled
initial pulse for shot Umbrella given in Rig. 4.5. However, thie does
not exclude the possibility for shallower depths. Both of these effects
would allow the fission product core an enhanced opportunity for trans-
fer into the water particles of the column crown.

The probable effects on Phase II transfer into the column walls is

. not apparent. The transfer is dependent on dispersion of the fission
products within the bubble, via a process which is not understood for
the bottom free case. Speculation as to changes of this dispersion or
mixing process, when the bubble shape has been changed from a hemisphere
to a flat disk, seems of little value. It will suffice to say that the
effects on Phase II transfer due to a shallow bottom are not now predict-
able. It will be pointed out that evidence from H. E. tests indicates
the column-formation mechanisms to be unchanged by a shallow bottom.

The shallow bottom would be expected to cause a considerable re-
duction of Phase III transfer to the late emission plumes and hence into
the base surge. This mode of transfer normally occurs as the result of the
upward Jetting of the bubble bottom, but the shallow bottom now alters the
process to a radial inward collapse of the cavity sides. The radial col-
lapse of the sides would be expected to reswlt finally in an upward jet;

. however, both its period and energy would be changed. ‘The period would
) be longer and probsbly near that of the bubble side, so that less chance
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for interference with Phase II transfer might be expected. The energy
of the final Jet would be severely reduced because of losses to botiom
friction and, more important, to bottom cratering. With & less energetic
final jet it is reasonable to expect less energetic interaction with the
column and possibly less fission product transfer into the base surge.

The probable net effect of & shallow bottom 1s then to shift a
larger fraction of the fission products into the upper column or crown
via Phase I transfer, and reduce the Phase III treansfer with its result-
ing effect on the base surge.

Note. This document is classified CONFIDERTTAL - FORMERLY RESTRTCTED
DATA, Group I, based on the classified yleld rsvealed on pages 57, 59,
60, and 61. All other information is unclassified.
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CONCLUSIONS

The following conclusions may be drawn from this investigation with
small, H.E., traced charges and from analysis of the results with some
nuclear test data:

(a) Three modes of fission or explosion product transfer from the
explosion bubble into the above-surface columns and plumes have been
established for shallow underwater explosions.

(b) The three fission product transfer phases are dependent on the
hydrodynamic processes involving column formation and the motions of the
upper and lower pcrtions of the explosion bubble.

(c) A modified form of the radial flow bubble model, which predicts
the independent motions of the top and bottom of the explosion bubble
for yields up to the nuclear range, can be employed to prediét the expec~
ted fission product transfer modes at specific yield and depth conditions.

(d) The fraction of fission products transferred into crown and
column of near surface and very shallow underwater detonations in deep
water is approximately 5 % and 4 % respectively. However, virtually nc
transfer into the column occurs at detonation depths scaled to the
Umbrells muclesr event or deeper.

(e) A shallow bottom condition might be expected to result in hydro-
dynsmic chrnges and, consequently, differences in the modes of fission
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product transfer from deep water couditions. For shallow bottom muclear

detonations, the expected effect relative to a deep bottom condition

(with the same charge depth) is increased transfer of fission products to
the column and crown, but decreased transfer into a less prominent base
surge. Therefore serious errors are possible when radiological predictions
are made for shallow nuclear explosions in deep water that are based on
test results from shallow bottom shots such as Baker and Umbrella.
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APPENDIX A

RADIAL DISTRIBUTIONS OF CUMUIATIVE WATER SAMPIE VOIUME AND TOTAL EJECTED
WATER VOLUME
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TABIE A.l

Charge Depth = 1.6 in.
S S S U A SR
Time __Semple Volume (ml)

(ms) Sempling Radius (in.)
o 6 1 18 2+ -3 36 ke

27 T T T T T T T iy
52 60 T0 4 1 T T T 7T
100 305 T0 & 1 T by P T
300 ™6 T0 4 1l T T T T
h5=u%51.(urﬂ ;
100 223 17 1 T T by o P ?
bos 61 & 7 T T T T

P = trace; volume less than lml
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TABIE A.2

Charge Depth = 2.5 In.

Time Semple Volum=> (ms)

(ms) Sempling Radius (1im.)
0 6 12 18 2 30 36 ke

h, = 68.5 in. (6 £t)

100 229 22 T 1 2 T 0 0
300 30 63 4 2 T 0 0

27 2 T 7 by T T i T
52 139 10 2 T p T T T
100 305 20 2 T T T T T
300 + 927 % 6 T T T T b

h, = 128.5 in. {11 £%)
27 i T T T T T b 0
52 53 5 T T P T T 0
100 232 3% 21 T T i T 0
300 6 52 7 T T T b (o]
T = trace; volume less than 1 ml
1
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TABIE A.3
Charge Depth = 3.5 in.

Time Semple Volume (mi)
(ms) Sempling Redius (in.)

0 6 12 18 2 30 36 ho

h, = 68.5 in. (6 £t)

50 105 8 &4 3 1 T m o)

100 213 28 8 3 1 7T 7 0

300 437 102 8 5 3 2 T 0 ,
h, = 128.5 in. (11 £%) g

100 270 18 2 T T T Ly T

300 - 8 5 T iy T T T

T = Trace; volume less than 1 ml
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TABIE Ak
Charge Depth = 5.5 in.

Time Semple Volume (ml)
(ms)

Sempling Relius (in,)
0 6 12 18 2 30 36 ]

hB = &05 in. (6 ft)

50 2 3 3 L 6 L T T

100 158 24 9 9 9 5 2 T

200 258 67 15 9 5 5 2 T
330 153 15 9 9 5 2 T

T = trace; volume less than 1 -ml
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TABIE A.5
Charge Depth = 7.5 in.
——M
Time Sampling Volume (m1)
(ms) Sempling Redius (in.,)
0 6 12 18 o4 30 35 Lo

h, = 68,5 in. (6 £t)
100 32 17 10 11 10 6 1 by
300 + 3™ 20 15 13 30 6 1 P

h = 63.5-1n. (6 £t)
100 76 32 23 23 17 10 5 2
200 20k 53 23 23 17 10 5 2
300 + 321 175 32 23 a7 10 5 2
T = trace; volume less than 1 ml
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APFENDIX B

GAMMA DETECTOR COUNT RATE (100 msec interval) ADJACENT TO THE COLUMN
FOR CHARGE DEPTHS OF 2.5, 345, 5.5, T.5 AND 12 IN.
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APPENDIX C
NUMBER OF COUNTS FROM THE GAMMA DETECTOR DURING THE FIRST 20 MSEC
VS. DETECTOR HEIGHT FOR CHARGE DEPTHS OF 1.6 AND 3.5 IN.
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APPENDIX D

HIGH RESOIUTION INITIAL COUNT RATE AT VARIOUS GAMMA DETECTOR HEIGHTS VS.
TIME FOR CHARGE DEPTHS 1.6 TO 7.5 IN.

NOTE: The 3graphs in Fig.Ddshow the data for each detector height at 2.5
in. charge depth which were combined to make Fig. 3.9 in the main
text. The remaining graphs show only the combined curves for
charge depths of 1.6, 3.5, 5.5 and 7.5 in.
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